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Few data are available on early regeneration of human
epidermis in vivo. We have established a supravital skin
organ culture model for epidermal wound healing by
setting a central defect (3 mm diameter) in freshly excised
skin specimens and culturing under air exposure. Re-
epithelialization was followed for up to 7 d by histology
and immunohistologic analysis of various markers for
differentiation and proliferation. In 12 of 19 cases (63%;
5% fetal calf serum) or six of 21 cases (29%; 2% fetal calf
serum), the wounds were re-epithelialized spontaneously
after 7 d. After transplantation to the wounds of 1–
2 H 106 dissociated allogenic cultured epidermal or about
1 H 106 autologous outer root sheath keratinocytes, 18
of 21 cases (86%; 5% fetal calf serum) or 17 of 21 cases
(81%; 2% fetal calf serum) were healed within the same
period. Histologically, early neoepithelium (3 d) was
disordered after keratinocyte transplantation, whereas
Whereas the majority of studies dealing withcutaneous wound healing have focused ondermal repair mechanisms and wound groundremodeling (for a general review, see Clark,1996), comparatively little attention has been
paid to the question of epidermal regeneration. In partial-thickness
epidermal wounds, the re-epithelialization arises from viable epidermal
cells at the wound edges as well as (depending on the depth of
the wound) from those parts of the epidermal appendices remaining
in the wound bed itself (Eisen et al, 1955). Re-epithelialization is
defined as being the reconstruction of keratinocytes into a stratified
epidermis that, after wound healing, provides a permanent cover
and restores the function of the skin. During the processes involved
in epidermal wound healing, keratinocytes undergo a series of
behavioral changes (Paladini et al, 1996), including cell migration,
proliferation, and differentiation of keratinocytes at the wound
margin. Migration has been shown to be the initial event, which
includes the movement of suprabasal cells over basal cells (Marks
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later (7 d) it had gained a more ordered stratification,
exhibiting a thin discontinuous granular and a compact
horny layer. At this stage, not only hyperproliferative
(CK 6) but also, abundantly, maturation-associated cyto-
keratins (CK 1, CK 10) were detected immunohisto-
chemically. Analyses of regenerated epidermis after
transplantation of (i) keratinocytes labeled in vitro with
BrdU and (ii) heterosexual keratinocytes by immuno-
histochemistry and fluorescence in situ hybridization for
the Y chromosome, respectively, clearly showed that
external keratinocytes are physically integrated into the
regenerated epidermis and extendedly contribute to its
formation. The data presented here demonstrate
improvement and acceleration of epidermal re-epithe-
lialization by transplantation of keratinocytes. Key words:
cytokeratins/epidermal differentiation/keratinocytes. J Invest
Dermatol 111:251–258, 1998
and Nishikawa, 1973; Garlick and Taichman, 1994), this event is
followed by a mitotic burst (Viziam et al, 1964; Garlick and
Taichman, 1994). Differentiation of the newly formed epidermis
begins a short distance behind the migrating tip before re-
epithelialization has been completed (Odland and Ross, 1968;
Garlick and Taichman, 1994). All processes of epidermal wound
healing are under the influence of chemical attractants, such as
various growth factors, cytokines, and extracellular matrix proteins,
which are secreted locally by inflammatory cells or by fibroblasts,
endothelial cells, or keratinocytes themselves (Eisinger et al, 1988;
Moulin, 1995; Martin, 1997).
The chronology of the various events of re-epithelialization and
epidermal differentiation in vivo has mainly been studied using
various animal models (Viziam et al, 1964; Mansbridge and Knapp,
1987); however, owing to the different structure of animal skin
(Regauer and Compton, 1990) and the complex nature of the
wounded microenvironment, it is difficult to obtain, for human
skin, acceptably precise data concerning the proliferative, migratory,
and differentiation character of keratinocytes of the wound margin
and of migrating cell sheets during the various sequential stages of
re-epithelialization in vivo (see also Oliver et al, 1991).
To circumvent these difficulties of studying human epidermal wound
healing we have developed a novel skin organ culture model, which
involves the removal of the total epidermis from the center of the
specimen, so that the resulting defects are healed via keratinocyte
outgrowth from its margins. We have previously used the basic
(without wounding) organ culture model for studies dealing with the
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development of dermatitis and sunburn cells after ultraviolet irradiation.1
Hintner et al (1980) have also used related organ culture models for
studying the expression of basement membrane zone antigens. The
viability and efficiency of such models have further been demonstrated
by similar skin organ cultures (also called supravital skin models)
established by Pope et al (1995), Lukas et al (1996), and Romani (1996)
to study complex aspects of cutaneous dendritic cells. From these
various applications of skin organ cultures, it is clear that they allow
the investigation of complex processes in human skin biology without
the intrusion of systemic influences.
In this study, a supravital skin organ culture model was, by central
wounding, applied to epidermal wound healing in order to study the
process of re-epithelialization in the absence of circulating factors,
immunologic reactions involving lymph nodes, and general inflam-
matory reactions. This human skin organ culture made it further
possible to study the early effects as well as the fate of transplanted
cultured epidermal keratinocytes and freshly isolated human outer root
sheath (ORS) keratinocytes; these latter ones are especially viable and
proliferative in culture (Yang et al, 1993; Moll, 1995) after their topical
application to wounds and thus are already being introduced into the
therapy of chronic wounds (Moll et al, 1995) and the closure of fresh
excisions (Bo¨hm et al, 1992). This model also allowed the sequential
appearance of keratinocyte differentiation markers to be analyzed.
MATERIALS AND METHODS
Tissues Skin samples of human trunk skin (23 females, 17 males; age range,
15–63 y) were obtained during the routine removal of epidermal cysts and
various tumors; the samples used were localized at least 2 cm from any lesion.
Skin organ culture All cell and organ culture experiments were performed
in the Cell Culture Laboratory of the Department of Dermatology, Mannheim
Medical School (Mannheim, Germany). All skin samples (n 5 101) were used
immediately after excision. Each sample was trimmed into a piece with a
diameter of 6 mm and a punch biopsy (diameter 3 mm) including the epidermis
and the upper dermis was removed from its center. Each piece was placed
dermis down on gauze on a culture disk (Falcon; diameter 1 cm) filled with
Dulbecco’s modified Eagle’s medium (supplemented with hydrocortisone, 2%
or 5% fetal calf serum, penicillin, and streptomycine) in such a way that the
medium was only in contact with the underside of the sample so that the
epidermis remained constantly exposed to the air. These cultures were incubated
at 37°C with 10% CO2 for 7 d, the medium being changed every other day.
In some cases, allogenic keratinocytes cultured from epidermis (n 5 29) or
freshly isolated autologous ORS keratinocytes (n 5 26) were transplanted to
the wound site at day 1 (see below). At days 2–7, the cultures were snap-frozen
in isopentane pre-cooled in liquid nitrogen and stored at –80°C until use or
were fixed in 4% buffered formaldehyde and embedded in paraffin.
Culture and transplantation of epidermal keratinocytes and bromodeox-
yuridine labeling To obtain human keratinocyte cultures, skin samples were
trypsinized (0.25% in phosphate-buffered saline, PBS) overnight at 4°C,
and the single-cell suspensions were placed in keratinocyte basic medium
supplemented with epidermal growth factor, bovine pitituary extract, insulin,
hydrocortisone, and glutamine. On reaching 70% confluence, the cultures were
passaged (for details, see Limat and Noser, 1986; Moll, 1995). Prior to
transplantation to the skin organ culture model, the cultured keratinocytes were
trypsinized using 0.1% trypsin and 0.02% ethylenediamine tetraacetic acid in
PBS for 5 min at 37°C. The cells (about 200,000) were collected in a small
volume (µ10 µl) of cell culture medium and applied, using a fine pipet, to the
central wound area of the specimen. To evaluate the localization, integration,
migration, or replication of the transplanted allogenic keratinocytes, they were
labeled with bromodeoxyuridine (BrdU) for 48 h (Gratzner, 1982) prior to
transplantation. ORS keratinocytes (see below) were similarly labeled for some
experiments.
Preparation and transplantation of ORS keratinocytes ORS ker-
atinocytes were obtained from freshly plucked anagen hair follicles using 0.1%
trypsin and 0.02% ethylenediamine tetraacetic acid in PBS for 1 h at 37°C and
then via mechanical separation using pipets. A total of µ106–2 3 106 autologous
keratinocytes suspended in µ10 µl cell culture medium were applied, using
1Bohnert E, Moll I, Jung EG: Formation and quantitation of SBCs in UV-
irradiated, short-term primary, and organotypic keratinocyte cultures. Arch
Dermatol Res 285:70, 1993 (abstr.)
fine pipets, to each wound in the skin organ culture 1 d after its establishment
(day 1; see below).
Morphologic evaluation From each frozen or paraffin-embedded skin organ
culture specimen, serial sections (frozen sections: 5–7 µm thick; paraffin sections:
3–4 µm thick) through its central area were cut. Hematoxylin and eosin staining
was performed for morphologic analyses. Healing was considered to have
occurred when no part of the central area lacked an epithelium, even though
this might be only one to three cell layers thick in some cases. All samples that
failed to show this criterion were classified as being unhealed. The remaining
sections were used for immunohistochemical staining.
Immunohistochemical techniques To evaluate the state of differentiation
and proliferation, acetone-fixed (10 min at –20°C) frozen sections or deparaf-
finized paraffin sections were stained immunohistochemically using various
primary antibodies (listed in Table I).
For frozen sections indirect immunoperoxidase staining was performed using
peroxidase-coupled goat antibodies against mouse or rabbit immunoglobulins
(Dako, Hamburg, Germany) as secondary antibodies, with 3,39-diaminobenzid-
ine (DAB) and H2O2 being employed for the staining reactions (for details, see
Franke and Moll, 1987).
For paraffin sections (see Demirkesen et al, 1995), the avidin-biotin-peroxidase
complex (ABC) method (ABC Elite Kit; Vector, Burlingame, CA) was applied.
After deparaffination and rehydration of the sections, endogenous peroxidase
activity was blocked using 1% H2O2 in methanol for 30 min. Prior to the
application of the primary antibody, an antigen retrieval step consisting of
microwave oven heating (3–5 times for 5 min, 600 W) in 10 mM sodium
citrate buffer (pH 6.0) was employed. For some antibodies (Table I), this was
followed by a very mild trypsinization step (0.001% trypsin in 50 mM Tris-
HCl, pH 8.0, containing 0.001% CaCl2 for 15 min at 37°C). Generally,
blocking was performed using 10% horse serum in PBS for 15 min. Primary
antibodies were applied for 1 h at 37°C using a Shandon Sequenza apparatus
(Shandon-Life Sciences, Frankfurt/Main, Germany). As secondary antibodies,
biotinylated anti-mouse IgG antibodies (1:100; Vector) were applied for 30 min
at room temperature. Subsequently, the ABC Elite reagent (Vector) was applied
for 30 min at room temperature. The staining reaction was developed
using 3,39-diaminobenzidine and H2O2. For mild counterstaining, Mayer’s
hematoxylin solution was used.
Negative controls were performed either by applying PBS instead of a
primary antibody or by using an irrelevant primary antibody reacting with
human tissues other than human skin. These controls always yielded the
expected negative results.
Fluorescence in situ hybridization For the preparation of paraffin sections
for fluorescence in situ hybridization, a modification of the method described
by Neubauer et al (1994) was used. Sections from paraffin-embedded tissue
were mounted on poly L-lysine-coated slides, air-dried overnight at 60°C,
deparaffinized in xylene, rinsed in ethanol (100%), air-dried, and baked at 80°C
for 1 h. Digestion with 0.02% proteinase K was carried out at 4°C for 10 min,
followed by proteinase K treatment for another 30 min at 37°C. The slides
were dehydrated and dried for 30 min at 80°C.
In situ hybridization was carried out according to standard protocols (Verma
and Babu, 1994), using a specific probe for the Y centromere (classical satellite
probe from ONCOR, Heidelberg, Germany) labeled with biotin that was
detected by fluorescein-avidin (ONCOR). Nuclear counterstaining was
achieved with 49,6-diamidino-2-phenylindole-2HCl (Serva, Heidelberg,
Germany). Sections were mounted in glycerol-PBS containing the anti-fading
agent p-phenyldiamine (Sigma, Deisenhofen, Germany).
RESULTS
In this study, we established and evaluated a human skin organ culture
model for epidermal wound healing and we further investigated the
effects of transplanted autologous freshly isolated ORS keratinocytes
and cultured allogenic keratinocytes for epidermal regeneration in
this model.
Investigation of re-epithelialization and the morphology of the
human skin organ culture model Forty cases of skin organ cultures
with central wounds were maintained for 7 d (see Materials and
Methods), and the samples were then immediately either frozen or fixed
in formalin and embedded in paraffin, before being cut into serial
sections, so that the center could be examined histologically to see
whether complete re-epithelialization had occurred. The results are
presented in Table II. Complete healing was found in six of 21 cases
(DMEM with 2% fetal calf serum) and in 12 of 19 cases (DMEM with
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Table I. Primary antibodies used for immunohistochemistry
Antibody Specificity Frozen (F)/ Source
Paraffin (P) sections
MoAb K 8.60 CK 1, 10, 11 F Progen Biotechnik, Heidelberg, Germany
MoAb DE-K10 CK 10 Pa BioGenex/Diaplus, Neu-Isenburg, Germany
MoAb Ks 2.342.7.1 CK 2e F, P Progen Biotechnik
MoAb AE 14 CK 5 F Kindly provided by Dr. T.-T. Sun, New York, University,
New York, U.S.A.
MoAb KA 12 CK 6 F, Pa Progen Biotechnik
MoAb Ks 8.12 CKs 13, 15, 16
b F Bio-Makor, Rehovot, Israel
MoAb E3 CK 17 F, Pa Progen Biotechnik
MoAb V9 Vimentin F Boehringer Mannheim, Mannheim, Germany; Dako
MoAb VIM-3B4 Vimentin Pa Progen Biotechnik; Dako
MoAb MIB-1 Ki 67 F, P Dianova, Hamburg, Germany
MoAb BMC 9318 BrdU F Boehringer Mannheim
aApplication of 0.001% trypsin subsequent to microwave oven heating (see Materials and Methods).
bBecause CK 13 is generally absent in epidermis and the reactivity of this antibody with CK 15 is only minor, the results were taken as indicating the presence of CK 16.
Table II. Keratinocytes improved re-epithelialization in the
skin organ culture model
Controls Fresh ORS Cultured epidermal
keratinocytes keratinocytes
Day 7
5% fetal calf serum/DMEM 12a/19b (63%)c 8/10 (80%) 10/11 (91%)
2% fetal calf serum/DMEM 6/21 (29%) 7/9 (78%) 10/12 (83%)
Day 3
5% fetal calf serum/DMEM 0/6 (0%) 4/7 (57%) 5/6 (83%)
aNumber of healed wound specimens.
bTotal number of specimens.
cPercentage of wound specimens that healed.
5% fetal calf serum). In another six specimens maintained for only 2 d,
no healing was observed histologically.
When the wound was totally re-epithelialized, a two- to four-
layered epithelium in the center and an even more stratified epithelium
towards the wound margins were found to have developed. Most of
the cells of the upper layers were very flat, with spindle-shaped nuclei
oriented parallel to the skin surface, whereas the basal cells were more
or less cuboid in shape (Fig 1a). A thin discontinuous stratum
granulosum layer was only inconsistently developed and was more
frequently absent. The uppermost layer was formed by a relatively thin
parakeratotic stratum corneum layer (see also below, Fig 2a); however,
the regenerated epidermis was devoid of ridges (Fig 1a).
In general, the wound margins were more or less acanthotic,
with the upper prickle and granular cells being enlarged, exhibiting
vacuolization, and obviously undergoing pyknosis and cell necrosis. In
contrast, the lower prickle cells and their nuclei were spindle-shaped
with their long axis oriented parallel to the skin surface, although
basal cells exhibited no apparent alteration (Fig 1b). The epithelium
peripheral to the wound margins was mostly vital and normally stratified
(Fig 1c). In some cases, the upper prickle cells and granular cells also
had a vacuolized appearance.
Cytokeratin expression and proliferation of the spontaneously
regenerated epidermis At day 7, the state of differentiation of the
spontaneously regenerated epidermis was characterized in completely
healed wounds by immunohistochemical analysis of cytokeratins. In
all basal and some suprabasal cells, cytokeratins (CK) 5 and 14 – typical
basal-cell-type CK – were found to be expressed (not shown). In
addition, CK 6 and 16, which are markers of hyperproliferation, were
widely expressed throughout the epithelium (Fig 2a), whereas CK 17
showed a more heterogeneous expression (Fig 2b). Among the terminal
differentiation markers, CK 1 and 10 were detectable in some cases in
a subpopulation of the spindle-shaped suprabasal keratinocytes in an
irregular, mosaic-like pattern (Fig 2c); in contrast, filaggrin was barely
detectable (not shown). Interestingly, vimentin was detected in some
basal cells of the regenerated epidermis (not shown).
We further studied cell proliferation by applying a Ki 67 antibody
in these skin organ cultures. A high number of basal cells distributed
equally in the regenerated epidermis were found to be Ki 67 positive
at day 7, whereas suprabasal cells were negative (Fig 3).
Cell proliferation in the wound margins Another area of investi-
gation concerned the epidermal wound margins of spontaneously and
completely regenerated wounds, whose spindle-shaped cells in the
lower suprabasal layers may well have been migrating keratinocytes.
Also within the original wound margins of re-epithelialized wounds
nearly 100% of the basal and some parabasal keratinocytes were positive
for Ki 67 (Fig 4). In the original epidermis peripheral to the wound
margins, Ki 67 positive cells were rare, but did still occur.
In margins of wounds without healing after 7 d, spindle-shaped
keratinocytes appeared fewer in number, but Ki 67 positive proliferative
keratinocytes were present in similar numbers. Thus, it is clear that
low proliferation was not the main reason for nonhealing.
Re-epithelialization in the human skin organ culture model
was improved by the transplantation of keratinocytes One day
after the establishment of skin organ cultures, keratinocytes freshly
isolated from autologous ORS were transplanted to the wound, a
procedure analogous to that which we have established for chronic leg
ulcers (Moll et al, 1995). At day 7, the specimens were harvested and
checked histologically (for details, see below) for re-epithelialization. In
80% of the cultures, total re-epithelialization was observed. Surprisingly,
even only 2 d after the application of these keratinocytes, 57% of cultures
(5% fetal calf serum in DMEM) were completely re-epithelialized. For
comparison, we studied the effects of transplanting cultured allogenic
epidermal keratinocytes (see Materials and Methods), for which the
healing effects in chronic leg ulcers were found to be similar in extent
(Leigh et al, 1987; Beele et al, 1991; Scho¨nfeld et al, 1993). These
results are summarized in Table II.
Characterization of the regenerated epidermis after keratinocyte
transplantation Because transplantations of freshly isolated autolog-
ous ORS or allogenic cultured epidermis keratinocytes improved the
incidence of complete wound healing after 7 d (see above), it seemed
of interest to examine the regenerating epidermis at various time points
after the application of such keratinocytes, starting as early as day 3
(i.e., 48 h after keratinocyte application); evidently, such investigations
are not possible with patients in vivo, illustrating the value of our in vitro
model. Interestingly, already at day 3 a multilayered stratified epithelium
was developed (Fig 5a, b). This consisted of relatively large keratinocytes
with pleomorphic nuclei exhibiting prominent nucleoli (Fig 5b),
suggesting their derivation from the transplanted cells. Stratification
was still irregular, with focal whirled arrangement. Some upper cells
contained irregular, variably sized, partly gross keratohyaline granules.
There were scattered dyskeratotic cells but no formation of a stratum
corneum. This early regeneratory epithelium had already achieved
close contact to the dermal connective tissue as well as, laterally, to
the original epidermis at the wound margins (Fig 5a); at the latter
sites, the neoepithelium appeared to migrate some distance over the
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Figure 1. Spontaneously regenerated epidermis is an immature stratified
epithelium lacking epidermal ridges. (a) Regenerated epidermis (after 5 d),
(b) wound edge, and (c) peripheral epidermis revealed by hematoxylin and eosin
staining (paraffin sections). (a) Note the irregular basal layer and the spindle-
shaped nuclei of the suprabasal layers (with uppermost parakeratosis). (b) Wound
edge epidermis exhibiting some spindle-shaped (regeneratory) lower suprabasal
keratinocytes, and, above them, enlarged degenerative keratinocytes with
karyopyknosis. The arrow marks the peripheral side. (c) Peripheral epidermis
appearing vital; there is only discrete degeneration among upper Malpighian
keratinocytes. Scale bar, (b) 50 µm.
original epidermis, being tightly attached to the stratum corneum
lamellae (Fig 5a, c).
Immunohistochemically, at day 3 proliferative cells positive for Ki
67 were scattered in various layers (not shown). Cytokeratin analyses
revealed strong but heterogeneous staining of the neoepithelium
keratinocytes for the proliferative keratinocyte marker CK 6 and the
differentiation marker CK 10, the latter being most prominent in the
intermediate layers but also including some basal cells (not shown).
Surprisingly, in addition to cytokeratins, vimentin was strongly
expressed in more than one half of the keratinocytes (Fig 6), a situation
Figure 2. Markers of hyperproliferation and terminal differentiation are
detectable in spontaneously regenerated epidermis. Immunoperoxidase
staining of central parts of the spontaneously regenerated epidermis of skin
organ cultures (day 7) using antibodies against different CK (frozen sections).
All keratinocytes are homogeneously stained by antibody KA12 against the
’’hyperproliferative’’ CK 6 (a), whereas the stainings using antibody E3 (against
CK 17; b) and antibody K 8.60 (against the terminal differentiation markers
CK 1 and 10; c) are heterogeneous and most prominent among suprabasal
keratinocytes. Scale bars, 50 µm.
Figure 3. Basal keratinocytes of spontaneously regenerated epidermis
are proliferative. Immunoperoxidase staining using Ki 67 antibody (MIB-1;
frozen section; day 7). Most basal keratinocytes show nuclear staining and thus
are in an active cell cycle. Scale bar, 50 µm.
similar to that seen in keratinocytes in culture (Franke et al, 1982;
Aubo¨ck et al, 1989).
At day 5, the new epidermis was more regularly stratified and
expressed the terminal differentiation marker, CK 10, in many but not
all of the suprabasal, spindle-shaped cells (Fig 7a). At day 7, a well-
stratified epidermis had developed that, like spontaneously regenerating
epidermis, showed flattened suprabasal cells with spindle-shaped nuclei.
Above these, however, followed a thin, discontinuous, but clearly
visible granular layer and, further above, a relatively thick, compact,
subtly lamellar nucleus-free horny layer with dyskeratotic clumps on
top. In some but not all cases, flat epidermal ridges were detectable,
this being in contrast to the findings for spontaneously regenerating
epithelium (see also Figs 1–3). Immunohistochemically, the terminal
differentiation marker CK 10 was now strongly expressed in most
suprabasal cells from the second to third layer on (not shown).
Interestingly, despite more advanced differentiation, many keratinocytes
in several lower layers still strongly expressed vimentin (Fig 7b).
Transplanted keratinocytes are integrated into the regenerated
epidermis The growth behavior and subsequent fate of cultured
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Figure 4. Proliferation in wound margins. Immunoperoxidase staining
(frozen section) of a wound margin showing spontaneous regeneration using
antibodies against Ki 67 (MIB-1; day 7). Most basal cells of the wound margin
epidermis and regenerating epithelium (right) are in the state of proliferation,
in contrast to those of the peripheral epidermis (left). Scale bar, 50 µm.
keratinocytes transplanted to wounds is still a matter of some controversy
(Hefton et al, 1986; Phillips et al, 1989, 1990; Harris et al, 1993). To
clarify this question in our skin organ culture model, we first applied
autologous ORS and allogenic cultured epidermal keratinocytes labeled
with BrdU. Roughly 60% of them were BrdU labeled. At day 3 (48 h
after transplantation), in early healing wounds, positively labeled
keratinocytes were detected in cells throughout all layers of the
regenerating epidermis; in some cases, a good number of keratinocytes
were decorated (Fig 8a). These results lend further support to our
notion, based on the morphologic appearance (see Fig 2) of the uptake
and integration of the keratinocytes applied to the wound-healing skin
organ culture model. At day 7, some BrdU-labeled keratinocytes were
still present within the regenerated epidermis in basal and upper layers
(Fig 8b). There was no obvious difference between the results using
either autologous or allogenic keratinocytes.
To even more precisely follow the fate of the applied keratinocytes
during wound regeneration, we performed experiments with sexually
reciprocal keratinocyte transplantation and analyzed the distribution of
nuclei containing Y chromosomes by fluorescence in situ hybridization.
When specimens of female skin were wounded and cultured epidermal
keratinocytes from a male donor were transplanted, a well-formed
regeneratory epithelium was present after 7 d, showing the typical
spindle-shaped, horizontally oriented nuclei (Fig 9a) together with
moderate hyperkeratosis. In fluorescence in situ hybridization analyses,
Y chromosome signals were observed over the majority of these nuclei
(Fig 9a, b), whereas such signals were absent over the nuclei of the
original epidermis at the periphery as well as over the nuclei of the
dermis. In the opposite experiment, consisting of transplantation of
female keratinocytes to wounded male skin, most of the spindle-shaped
regeneratory nuclei lacked Y chromosome signals, with the exception
of very scarce Y-positive regeneratory nuclei situated predominantly
in the peripheral wound region (not shown).
DISCUSSION
In this study, we investigated re-epithelialization after wounding in a
supravital skin organ culture model by studying the proliferation
and by characterizing the quality of epithelial differentiation of the
regenerating epidermis as assessed by the immunohistochemical analysis
of cytoskeletal markers. This organ culture model allows the observation
of epidermal wound healing in an environment that is negligibly
influenced by systemic growth factors or inflammatory cells. Morpholo-
gically, the original epidermis remained intact and vital at least until
day 10, although degeneratory and regeneratory changes were observed
Figure 5. Early regenerating epidermis is irregular. Forty-eight hours after
application of cultured epidermal keratinocytes (day 3), the regenerated epidermis
already appears as a multilayered albeit irregular neoepithelium (hematoxylin and
eosin staining, paraffin sections). (a) Survey microscopy of the re-epithelialized
wound. At the wound borders (a, b), the neoepithelium somewhat overgrows
the original epidermis, migrating on top of the stratum corneum lamellae (b).
(c) Note, at high magnification, the pleomorphic nuclei, the presence of irregular
keratohyaline granules in cells of the upper half of the epithelium, dyskeratoses,
and irregularly distributed lumina. Scale bars, 50 µm.
in some cases. This is in agreement with the findings of Regauer and
Compton (1990), Pope et al (1995), and Lukas et al (1996), who have
used similar skin organ culture models, albeit studying aspects very
different from ours and not performing wounding. In such models,
the vitality and the biologic responsiveness of the epidermis to various
serum proteins, growth factors, and culture media have been well
established (Regauer and Compton, 1990; Lukas et al, 1996). An
important advantage of this type of model is that human skin samples
can be used better relating to clinical applications than animal models
(see also Lukas et al, 1996).
Using this supravital model, we here demonstrate the positive effect
of the transplantation of keratinocytes to the wounds for the wound
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Figure 6. Neoepithelium strongly expresses vimentin like cultured
cells. Peroxidase labeling (avidin-biotin-peroxidase complex method) of early
regenerating epidermis (day 3) after application of cultured epidermal
keratinocytes (same case as that shown in Fig 5), using antibody VIM-
3B4 against vimentin (paraffin section). Note abundant vimentin-positive
keratinocytes particularly in the lower half of the neoepithelium (the uppermost
portion is not included in this figure). Scale bar, 50 µm.
Figure 7. Expression of the terminal differentiation marker CK 10 and
of vimentin in regenerated epidermis after keratinocyte application.
CK 10 is shown for day 5 (a; frozen section, antibody K 8.60; ORS
keratinocytes). Note the heterogeneous distribution of CK 10 positive
keratinocytes at day 5 (a) and the presence of flat epidermal ridges (a). (b)
Vimentin is still coexpressed (together with CK) in many regenerative
keratinocytes of lower layers (paraffin section, antibody VIM-3B4, cultured
epidermal keratinocytes). Scale bars, 50 µm.
healing process, in particular more frequent and earlier re-epithelializ-
ation. This confirms and extends previous studies of Cuono et al (1987)
who, in treating humans in vivo, reported that the application of
keratinocytes accelerated wound re-epithelialization without necessitat-
ing special preparation of the dermal components. Whether or not a
complex dermal substitute would improve and accelerate healing is
uncertain however. Perhaps applying cultured fibroblasts prior to the
keratinocytes might produce even more satisfactory results (Compton
et al, 1989; Myers et al, 1995), which is also suggested by our own
preliminary experience with this treatment in chronic leg ulcers (I.
Moll, unpublished data).
This model also made it possible to study the fate of these transplanted
keratinocytes, and to test the hypothesis that grafts may act by
Figure 8. BrdU-labeled keratinocytes are integrated into the newly
formed epithelium. Immunoperoxidase staining (frozen sections) of
regenerated epidermis after the application of ORS keratinocytes labeled with
BrdU in vitro. The BrdU antibody decorates the nuclei of keratinocytes in basal
and suprabasal positions at day 2 (a) and, less extensively, day 7 (b) of skin organ
cultures. Scale bar, 50 µm.
Figure 9. Chromosome Y positive keratinocytes are integrated into day
7 regenerated epidermis. Fluorescence in situ hybridization using a centromere
probe for the human Y chromosome, performed on advanced (day 7) regenerated
epidermis of a female skin organ culture after application of cultured epidermal
keratinocytes from a male donor. (a) General cell nucleus (DNA) staining using
49,6-diamidin-29-phenylindol 2HCl, showing the typical spindle-shaped nuclei
of the regenerated epidermis (the lower nucleus at the left border belongs to a
dermal cell). (b) In the nuclei of four epidermal cells, Y chromosome
signals are detected, demonstrating their derivation from the transplanted male
keratinocytes. Diffuse background staining of the horny layer is seen in the
upper portion of (b). Scale bar, 50 µm.
production of growth factors, i.e., as ‘‘pharmacologic agents’’ (Beele
et al, 1991) rather than by physical incorporation into the regenerated
epithelium. Doubtlessly, growth factors and cytokines are important in
wound healing, which is also suggested by recent findings showing
that skin transplants being in a wound healing state are more effective
than fresh transplants (Kirsner et al, 1996). That exogenous keratinocytes
indeed become integrated might be supported by our finding of the
presence of vimentin not only in pleomorphic – and thus reliably
exogenous – keratinocytes of day 3 but also in more differentiated
keratinocytes of day 7; in fact, vimentin can be demonstrated in
keratinocytes in vitro (Franke et al, 1982; Aubo¨ck et al, 1989). Moreover,
the fate of these cells could here, for the first time, be directly evaluated
because they could be identified and clearly distinguished from cells
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of the recipient specimen, including cells derived from the original
epidermis, by an introduced (BrdU) or endogenous (Y chromosome)
label. As, at day 7, BrdU-labeled keratinocytes were still present in
basal and suprabasal layers of the regenerated epidermis, it can be
concluded that the applied autologous and allogenic keratinocytes
derived from ORS and epidermis, respectively, did survive and were
integrated into the epithelium including its germinative compartment
at least until day 7. Additional strong evidence for the uptake of
transplanted allogenic keratinocytes has emerged from our Y chromo-
some studies in heterosexual experiments; in contrast to BrdU labeling
of DNA that might alter certain cellular characteristics (Gratzner, 1982),
the Y chromosome is an endogenous cell marker, thus excluding
any cellular change. These results therefore clearly demonstrate that
transplanted allogenic cultured epidermal keratinocytes directly contrib-
ute to epidermal regeneration and that their progeny remain as the
major epidermal cell constituents for at least 1 wk; however, the Y
chromosome results also suggest that a small proportion of the
regenerative epithelium is formed by immigrating keratinocytes derived
from the original epidermis, giving rise to a partly chimeric epithelium.
Further experiments are required to follow the eventual fate of the
transplanted keratinocyte population after prolonged periods of time
and thus assess the long-term survival of allogenic keratinocyte trans-
plants. Such experiments do have clinical and therapeutic relevance,
although nonspecific and specific defense mechanisms are absent in
this model. Another important question that can be solved in the
future using this model is that of the fate of transplanted autologous,
dissociated ORS keratinocytes that did not pass through an in vitro
culture and expansion step.
These data confirm and extend previous studies concerning autolog-
ous and allogenic keratinocyte sheets being transplanted in the treatment
of leg ulcers and burned patients with similar effects (Hefton et al,
1986; Leigh et al, 1987; Phillips et al, 1989, 1990; Harris et al,
1993). These studies suggested an intermittent uptake of transplanted
keratinocytes, although in allogenic grafts rejection appears to take
place after more than 10 d, and allogenic cells are thereafter no longer
detectable (Gielen et al, 1987; Aubo¨ck et al, 1989); this relatively late
rejection seems to lack any clinically visible inflammatory reaction.
Cultured allografts have been shown to accelerate wound healing from
previously dormant edges, the so-called ‘‘edge effect’’ (Kirsner et al,
1993), and to induce a reddish colored, healthy-looking granulation
tissue (Beele et al, 1991; Kirsner et al, 1993; Moll et al, 1995), probably
as a result of the production of various growth factors such as epidermal
growth factor and transforming growth factor-β (Moulin, 1995; Martin,
1997). In cases of autologous cultured keratinocytes – predominantly
used in burned patients – clinical observations and studies favor the
take of the transplanted keratinocytes (O’Connor et al, 1981; Compton
et al, 1989), similar to what we have shown for autologous ORS
keratinocytes and allogenic cultured epidermal keratinocytes in the
supravital model.
Because cultured keratinocyte sheets as used in burned patients are
expensive and cell-culture facilities are necessary for their production,
we have tried – with some success – the application of freshly isolated
or briefly propagated keratinocytes from the ORS in the treatment of
chronic leg ulcers (Moll et al, 1995). In contrast to epidermis-derived
keratinocytes, autologous ORS keratinocytes are easily and repeatedly
available regardless of a patient’s age, are less expensive, and they also
grow well in culture (Limat and Noser, 1986; Limat et al, 1989;
Scho¨nfeld et al, 1993). Thus, they are more practical for clinical
applications, and they are just as effective as early passage interfollicular
keratinocytes that have been multiplied in culture to form sheets
(Scho¨nfeld et al, 1993). ORS keratinocytes could act as ‘‘pharmacologic
agents’’ in a way similar to what has been proposed for keratinocyte
sheets, but they might also be integrated into the regenerating epidermis
as is suggested by the data obtained with the present skin organ culture
model. The long-term survival, however, remains to be demonstrated.
This analysis of differentiation markers expressed in the regenerating
epidermis included cytokeratins and filaggrin, the ‘‘classical’’ epidermal
markers. The results showed that at day 7 after application of ker-
atinocytes, the neoepidermis has achieved a certain degree of maturation
as reflected by the expression of the epidermal spinous-cell marker CK
10; however, its still regeneratory, immature state also became obvious
in this study. Morphologically, the neoepidermis consisted of still
spindle-shaped keratinocytes and was covered by an atypically compact
horny layer. Immunohistochemically, CK 2e, a marker of advanced
terminal differentiation, was barely expressed, whereas vimentin was
abnormously coexpressed. Nevertheless, the progress in epidermal
maturation between day 3 and day 7, in particular after application of
keratinocytes, remains remarkable considering the limited supravital
in vitro conditions offered in this model system. Remarkably, in the
early stages investigated, epithelial healing proceeded in the absence of
a proper wound bed with its newly formed granulation tissue and
establishment of blood circulation. It should be borne in mind that
the importance of the wound bed as well as the relevance of a normal
immune system and nerval regeneration all are not addressed by these
experiments. These factors may be more important in later stages of
cutaneous wound healing, in which modelling and rebuilding and
eventually scar formation take place (Martin, 1997).
Using this skin organ culture, we were also able to demonstrate that
epidermal proliferation at wound edges is only one aspect of healing,
because hyperproliferative margins were also observable in nonhealing
cases. This is in good agreement with the results of in vivo studies of
chronic leg ulcers (Anriessen et al, 1995).
Taken together, the results of this study demonstrate that the skin
organ culture model applied is well suited for studying various cell
biologic aspects of wound healing in human skin. Many further
questions might be answered by using this model, such as the study
and identification of human factors involved in early wound healing
without interference from systemic influences and the development of
the basement membrane and dermo–epidermal junction.
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